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Abstract

Background Small songbirds respond and adapt to various geographical barriers during their annual migration.
Global flyways reveal the diverse migration strategies in response to different geographical barriers, among which
are high-elevation plateaus. However, few studies have been focused on the largest and highest plateau in the world,
the Qinghai-Tibet Plateau (QTP) which poses a significant barrier to migratory passerines. The present study explored
the annual migration routes and strategies of a population of Siberian Rubythroats (Calliope calliope) that breed

on the north-eastern edge of the QTP.

Methods Over the period from 2021 to 2023, we applied light-level geolocators (13 deployed, seven recollected),
archival GPS tags (45 deployed, 17 recollected), and CAnMove multi-sensor loggers (with barometer, accelerometer,
thermometer, and light sensor, 20 deployed, six recollected) to adult males from the breeding population of Siberian
Rubythroat on the QTP. Here we describe the migratory routes and phenology extracted or inferred from the GPS
and multi-sensor logger data, and used a combination of accelerometric and barometric data to describe the eleva-
tional migration pattern, flight altitude, and flight duration. All light-level geolocators failed to collect suitable data.

Results Both GPS locations and positions derived from pressure-based inference revealed that during autumn,

the migration route detoured from the bee-line between breeding and wintering grounds, leading to a gradual
elevational decrease. The spring route was more direct, with more flights over mountainous areas in western China.
This different migration route during spring probably reflects a strategy for faster migration, which corresponds
with more frequent long nocturnal migration flights and shorter stopovers during spring migration than in autumn.
The average flight altitude (1856 + 781 m above sea level) was correlated with ground elevation but did not differ
between the seasons.

Conclusions Our finding indicates strong, season-dependent impact of the Qinghai-Tibet Plateau on shaping pas-
serine migration strategies. We hereby call for more attention to the unexplored central-China flyway to extend our
knowledge on the environment-migration interaction among small passerines.
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Introduction

Twice a year, billions of passerine birds migrate along the
major flyways in the world [11]. The various topographi-
cal, climatic, and biotic patterns, as well as different his-
torical glacial events in different flyways, have selected
for a huge diversity of migration strategies [56]. There
are certain landscape features in each flyway that are
regarded as barriers to migration for all or specific spe-
cies, e.g., the Mediterranean Sea and the Sahara Desert
for the Europe-Africa Flyway [29, 72, 77, 82], the Gulf
of Mexico for the Western Atlantic Flyway [9, 79], and
the large area of croplands in the central Americas Fly-
way [24]. These barriers usually consist of a wide range
of areas uninhabitable for many species with restricted
resources for stopover and refueling [6]. Barriers can also
present as a range of high-altitude areas, e.g., the Iran
Plateau for the Indo-European Flyway [17, 41, 48], that
offer limited resources and more frequent bad weather
conditions. These environmental factors may force birds
to fly at higher altitudes when migrating across, and
to take higher risks of exhaustion and starvation [3].
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Consequently, many migratory routes avoid barriers alto-
gether, e.g., by making detours [19, 35, 71], or directly
cross them by undertaking uninterrupted flights at high
altitude [26, 39, 45, 68].

The Central Asia Flyway (CAF), where the Qinghai-
Tibet Plateau (QTP) and adjacent deserts and mountains
are regarded as barriers for many migratory passerines,
has received much less attention than the European and
Americas Flyways [42, 51, 81]. In the range of this flyway,
a high diversity of landscapes lies between the Arctic and
the Indian Ocean. The elevation profile, apart from the
QTP, includes many defined mountain-ranges consist-
ing high peaks reaching 7000 m above sea level (a.s.l.),
e.g., the Altai Mountains and the Tianshan Mountains
on the northern side, the Hengduan Mountains on the
southeastern side, and the southwestern extension of
the Himalayas towards Karakoram Mountains, Pamir
and Kashmir Range on the western side (Fig. 1. Specifi-
cally, the region eastern to the QTP has also been cat-
egorized by Chinese geographers as the “second stair of
China”. The first stair of China consists of the QTP, with
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Fig. 1 Geography of the study area: black lines indicate the borders of the “Three Stairs of China”landscape pattern. The color palette represents
the ground elevation. Major landscape elements that potentially function as geographical barriers to migratory landbirds are highlighted

on the map. The red star represents the location of the fieldwork for this project
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the highest average elevation over 4000 m a.s.L; the sec-
ond stair consists of the Mongolian Plateau, the Loess
Plateau, the Yunnan—Guizhou Plateau and vast range of
mountainous area, with average elevation between 1000
and 2000 m a.s.l; the third stair consists of the eastern
plain area, with the lowest average elevation below 500 m
a.s.l. [32].

Given the vast range of geographical challenges along
the flyway, it has been hypothesized that passerine
migration would be funneled either east or west of the
QTP [35]. The area of central to eastern China, which
is considered either as part of the CAF, or as part of the
East-Asia—Australasia-Flyway (EAAF), and the area
around Ladakh and Kashmir, are known to be hotspots
for passerine migration [27, 61, 81]. In contrast, very
few passerine species are reported to migrate directly
across the QTP [26, 43, 61]. Several migratory divides
are also reported around the QTP, e.g., Barn Swallows
(Hirundo rustica) [67, 76], Siberian/Amur Stonechats
(Saxicola maurus/stejnegeri), and Greenish/Two-barred
Warblers  (Phylloscopus  trochiloides/plumbeitarsus)
[33-35]. Unlike larger non-passerine birds, e.g., the Bar-
headed Goose (Anser indicus) and the Demoiselle Crane
(Grus virgo) that migrate across the Himalayas with
flight altitude over 6000 m a.s.l. [12, 21], the challenge
for crossing the barriers may be too much for smaller
passerines; thus, they may be more prone to avoid direct
confrontation with this major geographical barrier [42].

It is unknown whether the populations of passerine
species that breed on the QTP would also avoid
geographical barriers during migration. There are many
highland-breeding passerine species in the QTP area that
are migratory and with wintering grounds south of the
QTP, but little do we know about their migration routes.
Their adaptation to breeding at high altitudes may offer
them the capability to challenge the barriers directly [26,
63], but they may also follow the migration strategy of
their lowland breeding relatives.

It has been widely demonstrated that migratory species
may have seasonal-different migration strategies. Some
species use different routes in autumn and spring, usually
referred as “loop migration” [12, 37, 78]. Many species
migrate faster in spring than in autumn [40]. Various
factors have shown to correlate with the seasonal-
different migration strategies, e.g., weather condition,
wind direction [21, 54], habitat availability [1, 25], and
competition for mating resources in spring [40].

Recent advancement of technology has provided
more opportunities for studying the migration of small
passerines [71]. Apart from the widely-applied Light-
level geolocator (GL) method, the minimized archival
GPS technology and the advanced analysis of data from
multi-sensor miniature loggers also thrived in the past
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decade, assisting ornithologists to acquire highly precise
migration patterns of small songbirds [8, 49, 50, 52, 64,
68, 69]. In our study, we employed these methods to
investigate migration of Siberian Rubythroats (Calliope
calliope).

The Siberian Rubythroat is a small songbird with lean
body mass between 20 and 25 g [18]. Its breeding range
spreads from the Ural Mountains to Kamchatka and
Anadyr in Russia, northern Mongolia, northern Japan,
northern Korea to northeast China, and central China.
Rubythroats are known to spend the non-breeding
season in coastal areas and islands of East Asia, in South-
East Asia, and eastern India [18]. Previous tracking of
one of its breeding population from the Russian Far East
suggested a rather direct migration route passing through
central China towards mainland South-East Asia, thereby
largely following the East Asia—Australasia Flyway
(EAAF) [27, 28]. However, nothing is known regarding
the migration patterns of an isolated breeding population
on highlands of central China. This population is
sometimes recognized as a separate subspecies Calliope
calliope beicki [73, 74], but has no known morphological
differences compared to other populations [18]. Its
breeding range is located in the mountainous area
along the transition between the Loess Plateau and the
QTP (33-37.5°N, 98—108°E), with an average elevation
of around 1500 m a.s.l, The migration route of this
population is of special interest as it is located at the
crossroads of the pre-defined EAAF and the CAF [42,
81]. In this study, we examined the annual migration
patterns of the Siberian Rubythroat population breeding
in the central China highland by applying several tracking
techniques. We aimed to evaluate how the geographical
barriers (e.g., the QTP) are associated with the migration
pattern of this species from (1) spatial and (2) temporal
perspectives, and (3) to compare the seasonal differences
in flight and stopover patterns.

Methods

Fieldwork

We carried out our fieldwork in Datong Hui and Tu
Autonomous County (simplified as Datong in later
contexts), Qinghai, China (37.00-37.04°N, 101.59-
101.75°E, 2500 m a.s.l, Figure S1), which is a densely
populated region with diverse land-use, e.g., croplands,
parks, and villages (Zhao, observational data).

We conducted our fieldwork between 2020 and 2023
in May and June during the early-breeding season, when
the male Siberian Rubythroats were intensely displaying
and aggressive to playbacks, whereas females remain
mostly cryptic and seemingly unresponsive. We used
3- or 6-m-long mist nets in the breeding territories
combined with playbacks to catch the breeding adult
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males. We weighed each caught individual, and equipped
the ones weighing at least 21 g with one type of loggers
(introduced in the following section) with a double-
loop harness method using 1 mm black nylon strings
[62]. We also banded the individual with an aluminum
ring, provided by the National Bird Banding Centre of
China, and an individual-specific combination of color
rings. After the handling, we released the bird back to
their territories; the same individuals were located and
captured by the same method to retrieve the loggers in
the following year.

Tracking devices

We used three types of loggers to track the annual cycle
of adult male Siberian Rubythroats: light-level geoloca-
tors (GL), archival GPS loggers and multi-sensor loggers
developed by the CAnMove lab from Lund University,
Sweden (CAnMove logger). The GL is a commonly used
miniature tracking device on small birds; it registers the
light intensity for geolocation inference [75]. We used the
fLight model of GL from Lotek Wireless, Inc. (0.4 g, size
17 mmx 6.5 mm X3 mm, 7 mm length of the stalk, light
registration every 4 min, 9 months of guaranteed battery
life). The archival GPS is a slightly heavier data logger
than GL; it can provide locations with higher precision
but with much shorter battery life. We used the Pin-
Point-10 archival GPS from Lotek Wireless, Inc. (1.0 g,
size 21 mm X 13 mm X 5 mm, 50 mm antenna, rechargea-
ble battery with average allowance of 50 geolocation fixes
in 12 months). We manually scheduled the collection of
GPS fixes using the life expectancy function in the Lotek
interface “PinPoint Host” software (Lotek Wireless Inc.)
to maximize battery use and collect as much migration-
related data as possible. The schedules for 2020-2021
and 2022-2023 were different: the former was designed
to maximize the likelihood that the logger could survive
the whole year covering both migration seasons, and the
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latter was more optimized to the autumn migration win-
dow of the focal population (Figure S2). All fixes were set
to be collected at 00:00 or 01:00 GMT, which is between
05:00 and 07:00 a.m. for the regions where we expected
the birds would be present (GMT +6 to GMT +8).

The CAnMove loggers were composed of a light sensor,
a barometer, a thermometer, and an accelerometer [7].
The accelerometer measures 6 activity sub-scores evenly
in an hour, summed up to an hourly active score (0-30).
Each sub-score ranges from 0 to 5, representing the sum
of six binary measurements of active/non-active status
in a 5-s measuring window. We customized the settings
of the logger so we could limit weight of the loggers
and maximize the battery life to 12 months (0.85 g,
size 20 mmX 10 mmXx2.5 mm, 6 mm light stalk). The
tags were set to continuously collect activity data from
August 15th, 2021, until the battery dies. The barometer
and temperature sensors were programmed to collect
pressure and temperature data every hour from August
15th until November 20th, 2021, and from March 15th
until May 20th, 2022. The light sensor was scheduled
to collect light intensity data every 5 min between
December 21st and 26th 2021 to assist in determining
the geolocation of the wintering ground.

We deployed 13 GL and 31 archival GPS in 2020 and
recollected five GL and 11 archival GPS that collected
data successfully in 2021. We deployed 20 CAnMove log-
gers in 2021 and recollected six that collected data suc-
cessfully in 2022. However, one out of the six retrieved
loggers had a clock drift since January 2022, which disa-
bled the analysis during spring migration. We deployed
12 more archival GPS loggers in 2022, and recollected six
in 2023, five of which collected data (Table 1). To evaluate
the tag effect, we applied a logistic model to investigate
whether logger type and body size (wing length) had any
effect on the estimates of return rate.

Table 1 Logger deployment and recollection results from the studied breeding population of Siberian Rubythroats

Logger type Weight Status

2020 2021 2022 2023 Return rate

GL 0.4 g,< 3% lean body mass Deployed
Resighted
Recollected
Archival GPS 1.0 g,< 5% lean body mass Deployed
Resighted
Recollected
CAnMove logger 0.85 g, < 5% lean body mass Deployed
Resighted

Recollected

13 0.69

5/72
31 12 049
15 6
11/14P 5/6¢
20 030
6
6

2 Out of the seven recollected loggers, two failed to collect data. ®Out of the fourteen recaptured individuals, three lost their loggers. “Out of six recollected loggers,

one failed to collect data
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We sent the GLs back to Lotek for data extraction. We
used the PinPoint Host software to download and pro-
cess the data from the archival GPS loggers. We sent the
CAnMove loggers back to the CAnMove lab for data
extraction, and acquired activity, light-level, and pressure
and temperature datasets for further analysis.

Inferring spatial patterns of migration

Light-level geolocator data

We followed the standard geolocator data processing
manual (geolocationmanual.vogelwarte.ch) and used
the “GeoLight” package in R to analyze the GL data [46,
47]. We log-transformed the light data and used the
“preprocessLight” function to determine the twilight
events with the trial of a set of thresholds. However, due
either to dense vegetation habitat that the tagged birds
used during the whole non-breeding season, or to molted
feathers covering the light stalk, the light-intensity data
quality during non-breeding season from all GL data sets
was too low for further analysis (Figure S3).

Archival GPS data
We used the “HDOP (horizontal dilution of precision)”
parameter for each GPS fix as a quality check of accuracy
of GPS, and “eRes (Residual error)” parameter as a qual-
ity check of accuracy of both the GPS and altitude infer-
ence. We maintained the GPS latitude and longitude data
if the HDOP < 10; we maintained the altitude data if the
eRes>0.1 (PinPoint Store-on-Board User Manual, Lotek
Wireless Inc.). The thresholds were arbitrary and specific
to our dataset. As we were using the GPS data solely for
route description and visualization, we set a loose thresh-
old to only remove the obviously aberrant datapoints. In
total, we filtered out 30/434 datapoints from the dataset
with the threshold set-up. We then acquired the ground
elevation for all GPS positions (hg) in the dataset, and
compared it with the altitude registered by the loggers
(hy). In case of flight events during the geolocation regis-
tration, we filtered out those data points if h; — h,>100 m.
We used the “geosphere” package to calculate the great-
circle distance between each geolocation for each indi-
vidual [31]. Locations recorded within a 300 m range and
less than 100 m elevation difference were merged as one
stopover site with the average latitude, longitude and ele-
vation. We calculated stopover duration as the number of
days between the first and the last date birds were located
at the stopover site. We repeated the great-circle distance
calculation between consecutive stopover sites, and using
the sum of these distances as the total autumn migration
distance; we also converted the between-stopover dis-
tances into percentages of the total migration distance to
represent the progression of migration. Because that the
GPS schedules were unevenly spread during the autumn
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migration in 2020, and the GPS schedules were also dif-
ferent between the 2020 and 2022 dataset; we expected
that the calculated migration distance for the 2020 data
set might be underestimated due to lack of recording sev-
eral interim stopovers. We also expected the 2020 esti-
mate to be less precise than the 2022 estimate, due to the
lack of information between November 15th and Decem-
ber 14th. However, we believe that the imprecision was
negligible as the recorded migration patterns among all
loggers were highly similar. We calculated the great-circle
distance between the breeding and winter geolocations as
the “bee-line” distance. We classified birds to show winter
movement if the radius of the winter stationary area was
more than 600 m. This value derived from one individual
(49994) which differed from the otherwise very small win-
ter home range by moving over 600 m. Our threshold of
600 m thus differentiated this individual from other birds.

Atmospheric pressure and activity data

For the subsequent analysis, we defined “stopover” and
“rest in between” for different contexts when birds were
not flying during the migration periods. Stopover was
defined as any non-flying period between two nights of
migration flight before reaching the wintering location,
regardless of daytime movements. The “rest in between”
was defined as a short period (<6 h) of inactivity within
one night when the bird was flying both before and after-
wards during the same night.

From the CAnMove logger data, we applied the
atmospheric pressure-based geo-positioning method
developed by [58, 59] to infer the migration routes from
pressure and activity data, following the manual (https://
raphaelnussbaumer.com/GeoPressureManual). This
approach is based on the R package “GeoPressureR (v2.7)”
[60] with three major steps: (1) labeling the pressure and
activity timeseries to define flight and stopover events; (2)
produce likelihood map of the position of the bird during
stopover based on the mismatch of the hourly pressure
measurement with a global pressure database (ERA5)
[30] (see Nussbaumer et al. [58]), (3) model the trajectory
of the bird as a state-space model while accounting for
flight duration and wind data (see Nussbaumer et al.
[59]). The full description of the method can be found in
Additional file 1.

To deal with the potential bias of overestimating flight
hours due to the “rest in between” cases resulting in an
underestimation of flight speed, we adjusted flight hours
to better estimate flight duration. We first calculated the
duration of each migration flight event by counting the
total flight hours for each event. We then adjusted the
duration of active flight during flight events, in hours,
by deducting the time with low-intensity activity scores
using:
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2
T,=Tf— ¢ > a; with Ty and T, referring to the
i=0

total duration of flight events and the duration of
active flight, respectively, and g, being the contribution
of activity score acc[i] to T,

Due to the pre-settings of the CAnMove loggers
for maximizing the life-expectancy of the battery, our
dataset lacked pressure data between November 20th,
2021, when all birds were still on autumn migration, to
March 15th, 2022. Therefore, this period was excluded
from further analyses and had no effect on the overall
trajectory inference.

After acquiring the inferred migration routes for
all individuals, we calculated the cumulative distance
for the autumn and spring migration routes. For the
autumn migration part that had no pressure data, we
assumed a direct path between the last stopover dur-
ing autumn migration that had pressure data, and the
wintering location. We used the great-circle distance
for this path to complete the calculation of the total
autumn and spring migration distance. Due to the
movement model that we used for the migration route
inference, short-distance reverse migration or flights
that didn’t follow the expected migration direction may
be overlooked; therefore, the estimated total migration
distance might slightly underestimate the effectively
flown distance. We also calculated the great circle dis-
tance between the breeding and winter geolocation as
the bee-line distance.

We assigned birds to show winter movement if noc-
turnal activity scores above 5 occurred during the win-
ter periods.

Inference of altitudinal movement and migration flight
altitude (a.s.l.)

We used the CAnMove logger data to infer the
stopover altitude and flight altitude using the empirical
equation according to the International Standard
Atmosphere model (International Organization for
Standardization 1975: ISO 2533:1975):

P\ 5361
1— (| —
(Po>

where H=altitude (m, a.s.L.), P=pressure from the baro-
metric sensor (hPa or mb), P,=air pressure at sea level
(hPa or mb), T,=temperature at sea level (Kelvin) and
L=Lapse rate (temperature change per meter increase in
altitude, deg/m) [69]. For the equation, we used the stand-
ard sea level conditions Py=1013.25 hPa, T;=288.15 K
(=15.15 °C) and standard L=— 0.0065 deg m™".

H=--"2.
L
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Seasonal correlation between flight altitude and stopover
elevation

We could not perform statistical analysis on the flight
altitude distribution between autumn and spring
migration due to the partial lack of pressure data
after November 20th, 2021. In addition, the complex
landscape and elevation profile in this flyway made it
difficult to infer the relative flight height above ground
(simplified as relative flight height hereafter) from the
distribution of flight altitude. To cope with the problem,
we tested the relationship between flight altitude and
stopover elevation instead, and inspected whether there
were seasonal differences.

We calculated the mean flight altitude with exclusion
of the first and the last hour for each flight event as the
bird could have been on ascendance or descendance.
Therefore, only flight events with duration longer than
2 h were included in this analysis. We also excluded the
altitude of the hours labeled as “rest in between’, during
which the birds were likely not flying. We defined the
stopover elevation before and after each flight event
as departure and arrival elevation, calculated from the
pressure data at the hour before the flight started and at
the hour after the flight ended, respectively. We did not
use the mean elevation for each stopover site because
the birds often departed from or landed at a slightly
different elevation before moving to the stopover site
[55]. Hence, the altitudes from the hour right before and
after the flight events represent the departure and arrival
environment more accurately. We tested the correlation
between flight altitude and departure or arrival altitude
by season, respectively, using mixed-effects linear
regression models. Details of the statistical models are in
Additional file 1.

Inference of migration phenology

We used both the archival GPS and CAnMove logger
data to derive information on the annual phenological
patterns. We observed a proportion of tracked individu-
als having an “early migration” pattern from late July to
late August followed by a long stopover for around two
months. We assumed that this movement is molt migra-
tion based on: (1) adult Siberian Rubythroats’ Summer-
Complete (SC) molt pattern after breeding [57], and
the observed “early migration” occurrence shortly after
breeding, similar to the temporal pattern of molt migra-
tion in other species [36], (2) The duration of a SC molt
for long-distance migrants is around 7 weeks [38], and
the duration of the long stopover after the “early migra-
tion” is around 2 months. Therefore, in the archival GPS
dataset, we identified the autumn migration departure
as the date when the bird made the first long-distance
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(>10 km) movement in October, whereas long-distance
movements in July and August were defined as molt
migration. We could not determine arrival dates on the
wintering grounds from some of the archival GPS data-
set due to the long interval between scheduled fixes dur-
ing the relevant period. We identified spring migration
departure as the date when the birds made the first long-
distance (> 10 km) movements in April, and arrival as the
date when they arrived at their breeding locations.

With the CAnMove logger data, we used the activity
data to identify the start and the end date of both autumn
and spring migration. Similar to the GPS data analysis,
we defined the movement in August and early September
as molt migration and defined the actual autumn
migration start date as the day when the birds carried out
the first nocturnal flight (>1 h) in October. We identified
the autumn migration arrival date as the day when a bird
finished its last long flight (>3 h). Occasional short winter
movements did not obscure this cut-off as they neither
occurred within 2 weeks after the arrival date nor lasted
longer than 2 h per movement. For spring migration, we
identified the start and end date as when the birds carried
out the first nocturnal flight in April and when they
arrived at their breeding ground after the last nocturnal
migration flight.

Stopover and flight duration

We extracted the flight and stopover events during
both autumn and spring migration to compare seasonal
behavioral differences that may be associated with the
spatial-temporal migration strategies. We tested whether
there are seasonal differences in (1) total duration of
stopovers; (2) duration of each stopover event; (3)
duration of each flight event per night. We used mixed-
effects linear regression models for each test. Details of
the statistical models are in Additional file 1.

Results

Evaluation of the tag effect

We detected that the birds with CAnMove loggers
had a significantly lower return rate than the GL
(Estimates=—1.657, SE=0.811, t=-2.043, p=0.045;
Additional file 2). The model also suggested a trend
that the individuals that did return had longer wings
(Estimates=0.1885, SE=0.1327, t=1.421, p=0.160).

Migration routes and wintering locations

We acquired 16 autumn tracks from archival GPS log-
ger data (nine complete and two incomplete from 2020,
and five complete from 2022) (Fig. 2a—b), and six autumn
tracks from CAnMove logger data from 2021 (Fig. 2c—
d), all from adult males. All autumn routes started in a
SE direction from the breeding site, and most of the
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individuals switched to SW after arriving in central
China in early November before reaching their wintering
ground between early December and early January. We
located three aggregated long stopover (>3 days) areas:
The first one was in southern Gansu, around 420 km
from the breeding site (33.7-36.7°N, 102.6-107.1°E,
elevation 1707+452 m a.s.l.; mean+standard devia-
tion), including the molt sites of 7/13 individuals that
conducted molt migration. The second long stopover
was close to the range of Qinling Mountains, but on a
lower altitude range (30.3-32.9°N, 107.2-111.9°E, eleva-
tion 541.9+640.8 m a.s.l.). The third main stopover area
was mainly within Hunan and Guizhou province (24.4—
28.4°N, 107.9-112.9°E, elevation 473.8+295.2 m a.s.l,
Figure S4a).

Most of the tracked individuals wintered in SE Asia,
mainly in western Thailand lowland (13.3-17.7°N, 98.7—
102.0°E, elevation 42.0+60.3 m a.s.l.) (Figure S4b). This
was in line with one local recovery reported in Thailand:
a GL-tracked individual from this project ringed June
22nd, 2020 was re-captured in the Bung Boraphet
Wildlife Research Station (100.268095°E, 15.702346°N)
on January 9th, 2021 by local ringers (Figure S5). One
second-year-old individual took a more eastern route
in autumn and wintered close to Zhanjiang, China.
We documented a few winter movements in 11/20
individuals from both the GPS and CAnMove logger
datasets (individual 50010 and 50012 was not included as
they didn’t have data from wintering period); the distance
was between 0.6 and 46 km from the GPS dataset.
Otherwise, the birds mostly remained stationary during
the winter.

We acquired three spring routes from the archival GPS
data (Fig. 2b), and five spring routes from CAnMove
logger data (Fig. 2d). Six of the spring routes followed
shorter and straighter paths compared to their autumn
routes. Except for the one individual 49995 that win-
tered in Zhanjiang, China, the spring migration routes
crossed the mountainous region in southwest China
and passed the Chengdu plain (Fig. 2b, d). The six short
routes included long stopovers (>2 days) within the
range of the Chengdu plain (29.1-30.3°N, 104.5-105.7°E,
elevation 421.3+108.4 m a.s.l., Figure S4c). The remain-
ing two birds followed different routes, which were
almost identical to their autumn routes. All eight spring
routes stopped paused close to the first main stopover in
autumn in southern Gansu before heading back to the
breeding site.

For 14/16 archival GPS-tracked individuals and
5/6 CAnMove logger-tracked individuals that had
complete autumn migration tracks, the great-circle
distance was 3249+267 km, and the bee-line distance
between breeding and wintering site was 2390 + 164 km.
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Fig. 2 a-b Migration routes of Siberian Rubythroats from the Qinghai breeding population based on GPS loggers: a. autumn routes (n=16, note
that the route of individual 50012 was not complete, and the route of 50010 was only nearly complete); b. whole-year routes (n=3). c-d. Migration
routes based on CAnMove loggers: c. autumn routes (n=6); d. spring routes (n=5). Different colors represent different individuals. The size

of the dots represents the relative duration of each stopover (in days). Lines represent the bee-line between each position

For 3/16 archival GPS-tracked individuals and 5/6
CAnMove logger-tracked individuals that had complete
or nearly-complete spring migration tracks, the great-
circle distance was 2729+ 320 km. Overall, the autumn
migration distance was 863 + 194 km longer than the bee-
line distance, whereas the spring migration distance was
only 398 + 241 km longer (Table 2).

Elevational movement pattern

From the archival GPS logger dataset, we documented
that the autumn migration has a gradual decrease of
ground elevation from up to 2600 m a.s.l. to around
0 m a.s.l. at the wintering sites (Figure S6a). From the
CAnMove logger pressure dataset, we acquired more

detailed elevational movements in both seasons: In
autumn, most of the individuals moved gradually to
lower elevation along the stopovers, except for individ-
ual 56C, which returned to a stopover at 2000 m a.s.l.
after having moved down to a stopover at 1000 m a.s.L
(Fig. 3a, Figure S6b); In spring, most of the individuals
had a “rollercoaster” pattern on their altitudinal move-
ments: the altitude of their stopovers first moved up to
around 1500 m a.s.l., then down to below 500 m a.s.l.,
before finally moving up to the breeding altitude at
around 2600 m a.s.l. (Fig. 3b, Figure S6c). Exceptionally,
individual 5E7 used a similar route during autumn and
spring, which unlike the other individuals had no alti-
tude decrease over 1000 m between stopovers (Fig. 3b,
Figure S6c).
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Table 2 Summary of migration distances of the tracked individuals: The total migration distance of Siberian Rubythroats breeding
on the QTP during autumn and spring, as well as the great-circle distance between breeding and winter location, and the increased
distance (detour) compared to bee-line distance for each tracked individual between 2020 and 2023

Individual (logger

Autumn

Spring

Bee-line distance?

Increased autumn

Increased spring

name) migration distance migration distance (km) distance® (km) distance®
(km) (km) (km)

49989 3282 2342 940

49994 3249 2573 676

49995 2607 2121 1941 666 180

49996 3233 3107 2542 690 564

49999 3142 2359 783

50002 3370 2525 845

50005 3513 2665 2494 1018 170

50008 3527 2526 1000

50009 3320 2506 813

51103 3584 2406 1179

51104 3277 2361 917

51105 3260 2374 886

51107 2763 2277 486

51110 3458 2358 1100

5D6 3060 2602 2164 976 438

5D7 2812 2566 2281 531 285

5D8 3441 2805 2557 883 248

5E5 3109 2705 2294 815 411

5E7 3462 3234 2265 1197 969

2The great-circle distance between breeding and winter location; ®The difference between the total migration distance in autumn compared with the bee-line
distance; “The difference between the total migration distance in spring compared with the bee-line distance

3000 3000 b
Logger T [
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E — 506 E 506
S — 507§
2 2 — 5D7
2 — o8 =
1000 5E5 1000 o8
5E5
QM SE7
.
0+ 0+ .
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Progression of migration (%)

Progression of migration (%)

Fig. 3 Stopover elevation of Siberian Rubythroats during migration based on CAnMove loggers in a. autumn 2021 and b. spring 2022. The x-axis
represents the proportion of the cumulative duration of the journey against the total duration of the journey. The red circle in panel b highlights
the passage over the lowland region in the Chengdu Plain. In panel a, data in late autumn are lacking because all loggers were set to stop
registering pressure data after November 20th, 2021, when none of the birds had finished autumn migration. We assumed a direct migration path
between the last stopover during autumn migration that had pressure data and the wintering location; we used the great-circle distance for this
path to complete the calculation of the total autumn migration distance
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Migration flight altitude

From the CAnMove logger data, we found that the
average flight altitude until November 20th, 2021 was
2119+ 750 m a.s.l. in autumn (see the Methods section),
and 2005+ 595 m a.s.l. in spring. The highest single-hour
flight altitude among all individuals was 4644 m a.s.l. in
autumn, and 3482 m a.s.l. in spring (Fig. 4).

Seasonal correlation between flight altitude and stopover
elevation

We observed positive relationships between departure
elevation and flight altitude in both autumn and spring. In
autumn, the relationship was flight altitude =(0.56 + 0.13)

* departure elevation+(1401+190) (m), R%*=0.30,
p=0.0001. In spring, it was flight altitude=(0.44+0.10)
* departure elevation+(1585+109) (m), R*=0.35,

p<0.0001 (Figure S7a). We also observed positive
relationships between arrival elevation and flight
altitude in both autumn and spring. In autumn, the
relationship was flight altitude=(0.64+0.11) * arrival
elevation+ (1452+148) (m), R?’=0.48, p<0.0001. In
spring, it was flight altitude=(0.32+0.0867) * arrival

4000

3000

Flight altitude (m)
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elevation + (1612 +122) (m), R>=0.22, p=0.0005 (Figure
S7b). Further details can be found in Additional file 2. The
slopes for both seasons were similar for departure and
flight altitude (df=76.11, t=—0.618, p=0.539), whereas
for arrival and flight altitude they were significantly
lower in spring than in autumn (df=77.26, t=-2.161,
p=0.0338).

Phenology

With the combined data set from archival GPS and CAn-
Move loggers, we acquired 22 autumn (three incomplete)
and eight spring datasets regarding migration phenol-
ogy. The schedules were consistent among three years
(Table 3, Fig. 5, Figure S8). In autumn, there were two
patterns on the departure time: 13/22 individuals left
early from the breeding ground (no later than August
30th) for a molt migration and stayed at a long stopo-
ver for around two months before the actual autumn
migration; the remaining nine individuals left the breed-
ing ground late: they did not start migration until early
to mid-October (Table 3, Figure S8). The arrival date to
the wintering ground extracted from both the CAnMove
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Fig. 4 Distribution of mean altitude (as.l) of each flight event of the CAnMove logger-tracked Siberian Rubythroats in 2021-2022 (n=5). The black
line indicates the mean flight altitude during both spring and autumn migration
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Wintering

Partial molt migration

Spring migration

Breeding

Fig. 5 Annual cycle of Siberian Rubythroats breeding
on the Qinghai-Tibet Plateau in a calendar

loggers and archival GPS data set from 2023 was between
November 23rd and December 28th (Table 3). In spring,
all tracked birds in 2021 and 2022 departed from the win-
tering ground between April 4th and 14th and arrived
at the breeding ground between April 24th and May 6th
(Table 3).

Number and duration of stopovers

In autumn, for the individuals that conducted molt
migration in August, the number of stopovers after the
resumed migration from October was 11.3+2.1; for the
two individuals without molt migration, the number of
stopovers were both 17. The only available movement
record (individual 5E7) for the molt migration from the
breeding ground to the long stopover site had 5 flights
and 4 stopovers with duration between 1 and 2 days. In
spring, the overall number of stopovers was 10.5+2.4.

o duraton ofstopovers ()

_— :-'\
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The total duration of stopovers in autumn
(50.5 £ 14.3 days) was significantly longer than in spring
(17.5+3.3 days) (df=10, t=22.59, p<0.0001, Fig. 6a).
The mean duration of stopovers (3.98+4.46 days) in
autumn was also significantly longer than in spring

(1.66 +1.67 days) (df=137, t=18.29, p <0.0001, Fig. 6b).

Duration of migration flight

All individuals migrated exclusively at night in both
migration seasons except for one occasion of a 15-h flight
by individual 5E7 in autumn that continued into the day
(Figure S9a—f). The mean durations of the migration
flights were 6.1 £3.8 h in autumn and 6.8 +2.7 h in spring.
The adjusted duration of flight (see the Methods section)
was 4.8+ 3.7 h in autumn and 5.7 +2.7 h in spring, and the
adjusted autumn flight duration was significantly lower
than in spring (df=149, t=2.316, p=0.0219, Fig. 6¢).

Discussion

In our study, we presented the annual migration patterns
of Siberian Rubythroats breeding on the Qinghai—
Tibet Plateau for the first time as observed using
different types of miniature data loggers. The migration
strategies showed seasonal differences, including the
interaction with the impact of landscapes. From the
route perspective, the autumn routes were uniformly
detoured easternly from the QTP along central China
before arriving at their wintering grounds in Thailand,
whereas the spring routes were in general shorter and
more direct (Fig. 2). From the elevational movement
perspective, the autumn elevation was smoothly
decreasing along the route, whereas the spring routes
passed more high-elevation areas in Yunnan-Guizhou
Plateau and the northeast edge of Qinghai—Tibet Plateau
(Fig. 3). The flight altitude was on average 2000 m a.s.l.
in both seasons. The relative flight height above ground
was estimated to be between 1400 and 1600 m when
ground elevation is around 0 m as.l, and the birds

Season

Season

Season

Fig. 6 Duration of stopover (a-b) and flights (c) derived from the data of the CAnMove loggers: a. Total duration of stopovers in both seasons. b.
The distribution of each stopover duration in both seasons; the molting stopovers were not included. c. The distribution of each flight duration

(calculated from the adjusted flight hours) in both seasons
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were estimated to migrate more often close to ground
when ground elevation is above 2000 m a.s.l, with a few
exceptions (Figs. 4, S7). From the phenology perspective,
the spring migration was much faster than in autumn,
characterized by much shorter duration of stopovers and
overall longer flight durations per night (Figs. 5, 6).

Autumn migration detours from geographical barriers

The combined dataset of GPS tracking and pressure-based
geo-positioning demonstrated a clear detoured autumn
migration route in our studied population of Siberian
Rubythroat. Apart from one bird that took a more east-
ern route and wintered in the coastal area in Guangdong,
China, all the other individuals largely followed the east-
ern edge of the “second-stair of China’, a continuous
mountain chain in central China [32] (Figs. 1, 2a, c). Vari-
ous environmental factors may play roles in shaping this
migration route. First of all, the avoidance of geographi-
cal barriers may have resulted in the detour from central
China. Compared to the elevation profile along the bee-
line between the birds’ breeding and wintering location
that have altitudinal barriers up to 5000 m a.s.l., the actual
altitudinal decreases along their migration route were
more gradual. Another reason for the detour could be
related to navigational performance. It has been suggested
that geographical cues such as mountain valleys and riv-
ers can function as navigational cues during migration
flight (i.e., landlines) [4]. The mountain chain that they
are following could therefore be a cue for the decision of
changing flight direction in central China. From an evo-
lutionary perspective, the faithfulness towards the winter-
ing ground in SE Asia may also contribute to the shape of
the autumn route. The Siberian Rubythroat population
breeding in the Russian Far East migrates to non-breeding
areas in SE Asia, whereas the breeding population from
Hokkaido, Japan, and Kamchatka, Russia, has been shown
to spend the non-breeding season in coastal/islandic areas
along western Pacific Ocean, as revealed by tracking and
ringing data [27, 28]. From a phylogenetic perspective,
the population from the Russian Far East is more closely
related with the central China population [73]. The fact
that none of the individuals from this central China pop-
ulation wintered in the coastal region in eastern China
suggests a genetic disposition to migrate to SE Asia for
wintering.

Spring shortcuts along regions with higher elevations

In contrast, the detoured routes were less used in spring
migration: 6/8 of the spring routes were straighter than
the autumn routes. Apart from a bird that wintered in
Zhanjiang (Fig. 2b, d), the spring routes all passed the
Yunnan—-Guizhou Plateau and Hengduan Mountains in
SW China. These complex landscapes and high-elevation
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profiles (Fig. 1) were not crossed during autumn migra-
tions. The spring routes also crossed the large Chengdu
Plain which is surrounded by mountains. Thus, birds
needed to pass over mountain regions when entering and
departing from the Plain.

Loop-migration patterns are not rare in avian migrants
[20, 37, 53, 54, 78]. Classical hypotheses to explain the
phenomenon include being urged to return early to the
breeding site in order to compete for better territory
habitats [56] and seasonal differential weather and wind
conditions [5, 6, 21]. We assume that the spring routes
employed by our studied individuals are more challenging
than the autumn detour routes, possibly exacerbated by
higher risks of running out of fuel while migrating across
mountainous areas, where the spring has likely not suf-
ficiently advanced to provide abundant food for an easy
refuel. We couldn’t detect any obvious wind direction
differences between seasons in our analysis (Figures S10,
S11), but further modeling may provide more detailed
insights on weather and wind effects.

Faster spring migration is in accordance with the shorter
route choice

We found further support for the hypothesis that birds
aim to accomplish the migration faster in spring. Even
though we couldn’t compare the total duration of autumn
and spring migration unbiasedly as we don’t know how
long the birds were fueling prior to their first migration
flight in each season [3], we noticed that the total
duration of stopover was much shorter in spring than in
autumn (Fig. 6b). We also discovered that the migration
pace in spring was much faster than in autumn: all birds
tended to fly longer per night and stay shorter at each
stopover in spring. Given that the night length in April is
shorter than from October to December in the northern
hemisphere, the nighttime was thus more extensively
used for migration flight in spring. The birds also tended
to spend less time to prepare and refuel before long flights
in spring (Figure S12a), suggesting that they fueled more
sufficiently at the wintering sites before spring migration
than at the breeding or molting sites before autumn
migration. As exclusively nocturnal migrants, Siberian
Rubythroats stall migration flights during daytime, and
the daytime stopover habitat is usually unpredictable.
More frequent short stopovers, especially those that were
shorter than 24 h, may be associated with fewer chances
to refuel, as the birds would lack time to explore during
the daytime for proper refuel sites [55].

Nevertheless, the strategy of taking the shorter path
in spring associated with higher risks suggests that the
benefit must be substantial. The fast journey and earlier
arrival can be beneficial to a higher fitness during the
breeding phase, e.g., to allow the birds to be more
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competitive among males and favored by females at
the breeding site [40, 65, 66, 70]. In addition, Siberian
Rubythroats are highly faithful to their breeding territory
([28], Zhao, personal observational data). An early arrival
at the breeding site will allow the birds to occupy their
previous territories before it is taken by e.g. first-year
breeders. Consequently, it could reduce the energy
budget for competition.

Two individuals (49996, 5E7) did not follow a loop-
migration pattern in spring, but took a similar route
as in autumn (Fig. 2). This choice might offer them
easier navigation at the cost of a having to travel longer
distances. We only have one phenology dataset of spring
migration for this pattern, for which we cannot test
statistically whether the detoured spring route lasted
longer than the more direct route. The route variation
among individuals may reflect their life-history strategies
associated with e.g., age and physical condition, which
could be tested on a more extensive dataset.

High migration flight altitude

From a space-use perspective, the lower variation of
flight altitude in spring compared to autumn could be
correlated with the fact that spring migration is more
“roller-coasting” on ground elevation. Given that the
routes of Siberian Rubythroats pass numerous mountains
that are poorly predictable, it might be more beneficial
to stay on a consistently high flight altitude to be capable
to deal with barrier-crossings. However, it has also been
suggested that it might not be so costly on energy to shift
flight altitude drastically [45, 68]. To what extent this
seasonal different flight strategy is beneficial still requires
more detailed investigations.

Our tracking data suggest that Siberian Rubythroats
breeding on the QTP are able to conduct high-altitude
flight frequently, which also occur over lowland area
regardless of the seasons. The relative flight height above
ground in lowland regions (<500 m a.s.l.) was estimated
to be between 1000 and 1400 m (Figure S7). Flight
altitude occasionally exceeded 3500 m a.s.l (Fig. 4),
whereas no stopover elevation was above 3000 m a.s.l.
(Fig. 3) Tracking studies have recently highlighted the
capability of conducting high-altitude migration flight
among small passerine species in Euro-Africa flyway
in association with barrier-crossing [44, 64, 68]. This
consolidates data from field observations and radar
studies that have documented frequent flight altitudes
of passerines exceeding 1500 m a.s.l. across barriers and
in lowland regions, e.g., on the European, American
and African continents [10, 16]. Our discoveries on
Siberian Rubythroats’ migration flight altitude and height
further filled the gap of knowledge along Asian flyways.
However, we haven't been able to differentiate why they
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fly high along the central China flyway. The preference of
a high flight altitude could be associated with tailwind,
better weather condition, and clearer visual cues [2].
We would hypothesize that the relative flight height is
correlated with landscape or altitude profile along the
flight route. However, due to the complexity of landscape
along their migration route, neither the pressure-based
geo-positioning method nor the archival GPS logger
could provide precise landscape or altitude profile
between each stopover. Lastly, the recent description of
an avivory behavior in a bat species, the Great Evening
Bat (Ia io) from southern China [23] indicated that there
could be a predation risk that forces the birds to fly on
a higher altitude even after entering lowland area. There
is evidence that Siberian Rubythroat is in this bat’s diet
[23], and GPS tracking has suggested that these bats
could fly up to 5000 m a.s.l. [22], which could be a result
of a predator—prey’s arms race on flight altitude. In our
study, we excluded very short-duration migration flights
(duration <2 h) from the relative flight height estimation
as we wanted to avoid taking ascendance or descendance
event into account. We argue that exclusion of such short
flights from our analysis would not lead to a bias: (1) The
short flights may not be representative as they could have
been disrupted flights from bad weather, or they may not
have served for migration purpose; (2) The occurrence
rate of short flights (duration<2 h) was low (9.9%,
15/151); (3) Almost all flight events regardless flight
duration were associated with a clear drop of pressure,
indicating a obvious rise of altitude (Figure S13).

The barrier-avoidance migration pattern in a flyway scale

According to the definition of eight major global flyways
[11], the migration route of our studied population of
Siberian Rubythroat lies between the pre-defined EAAF
and the CAF. There hasn't been any clear definition
regarding the boundary between these two flyways,
and it has been argued that the eastern QTP flyway
could be treated as an independent flyway from either
EAAF for CAF [42]. The autumn migration tracks of
Siberian Rubythroats from our dataset clearly illustrate
an avoidance of the QTP, in contrast to Rubythroats
from Russian Far East [27, 28]. This indicates differential
selection forces due to the different landscape patterns
along the two routes used by the two geographical
populations. The same selection force may also influence
many other species that migrate between central Siberia
and SE Asia, funneling migrants in central China during
migration season as a consequence. Alternatively, the
“second-stair of China” could also function as a clear
navigational cue for migrants using similar routes as
our tracked Siberian Rubythroats. We argue that more
individual tracking on species breeding close to our
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studied Siberian Rubythroat populations should be done
to guide the delineation of flyways in central-western
China.

The benefits and limits from the new technology

The combination of archival GPS loggers and multi-sen-
sor loggers provides us with enormous opportunities to
study passerine migration in detail. For a shrub-dwelling
and nocturnally migrating species like Siberian Rubyth-
roat that has little access to sunlight, light-level geolo-
cators couldn’t assemble enough good-quality data for
geolocation inference in our dataset. The precision of
geolocation inference from light-level geolocator is also
not as high as either the GPS data or the pressure-based
geolocation data. Furthermore, the accelerometric data
can help to infer migration flight activities and daily activ-
ities, enabling diverse behavioral research during migra-
tion. Our dataset also displayed congruence between the
GPS positions and the pressure-based estimations. Based
on this, we recommend to use GPS loggers or multi-sen-
sor loggers especially for the many forest-dependent land-
birds that move along the Asian flyways.

The consideration of the tag effect needs to be prior-
itized when designing the tracking research. We observed
a potential tag effect on return rate (Table 1, Additional
file 2), in that the heavier archival GPS and CAnMove
loggers seemed to be associated with a lower return rate
than the lighter GL. It is possible that the return rate for
CAnMove logger birds was underestimated due to lim-
ited searching time due to Covid-19; it is also likely that
there was an interannual fluctuation on return rate. Our
result is in line with a meta-analysis on carry-over effects
of loggers [13]. These authors showed that the weight of
the loggers is negatively correlated with the survival rate.
Nevertheless, our choice of loggers was strictly following
the 5% body weight rule, and the observed return rates
for each logger type were all higher than the reported
return rate of Siberian Rubythroats from Far East Rus-
sia (25%) from Heim et al. [28]. Consequently, we argue
that an upper maximal 5% relative weight limit must be
strictly followed. We also argue that larger individuals
(e.g., with longer wing length) should be prioritized for
fitting loggers.

Given that only adult male Siberian Rubythroats have
been proved to have strong breeding territory fidelity
and with a robust set of strategies for targeted catching
over sequential years, we could only deploy and recollect
loggers on adult males. Therefore, it was not possible to
investigate age or sex differences in migration behavior.
Females may exhibit a slower migration speed and later
arrival than males in spring [14, 15, 80], which would be a
hypothesis to test in future studies when female Rubyth-
roat tracking data becomes available.
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In summary, as a basic passerine migration study in a
poorly-studied region along a cryptic flyway, we provided
novel insights on the migration pattern of this geographi-
cal population of Siberian Rubythroats, that may be valu-
able to disentangle the interaction between geographical
barriers and the migration strategies of small passerines
in western China. Our results also indicate that central
China might be a very important corridor for avian migra-
tion in Asia: it could function as a funnel for many north-
ern Asia migrants to travel to their wintering ground in S
and SE Asia. Studies that investigate migration behaviors
in this region may also be of great value for conservation
of avian species. Therefore, we call for more attention on
passerines’ migration tracking to improve our under-
standing of passerine migration in Asia.
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Supplementary Material 10: Figure S8. The cumulative plots of autumn
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Supplementary Material 14: Figure S12. The correlation between the flight
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Supplementary Material 15: Figure S13. The raw annual pressure data set
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Acknowledgements

We would particularly like to thank Tianhao Zhao's parents, Hongyu Zhao and
Sugin Hu for financial contribution to this research. We share special gratitude
to my volunteer teams in 2019 to 2023 (alphabetic order): Sigiao Chen, Wenjia
Chen, Xinyue Chen, Dule, Yangfan Feng, Chang Gao, Yujuan Gao, Xiaoyun Guo,
Fang He, Feng Hu, Shengjing Jiao, Kexin Peng, Zhuo Li, Zhijian Liang, Shu-Yueh
Liao, Aitao Liu, Danmeng Liu, Jing Luo, Qiujin Luo, Chen Lyu, Minhan Qin,
Xiaotong Ren, Canzhong Rong, Liufeng Wang, Liuyang Wang, Junfu Wang,

Rui Wang, Shan Wang, Xinyuan Wang, Yiging Wang, Yushan Wang, Qiac Wei,
Wanyi Wei, Yuning Wei, Guannan Wen, Shiyang Wu, Yinan Wu, Chaochao Xing,
Nuoyan Xu, Wanghong Yang, Teng Ye, Lang Yu, Yifan Yue, Ying Zeng, Baoling
Zhang, Dalei Zhang, Qianyi Zhang, Shen Zhang, Yifang Zhang, Xiangyu Zhao,
Angiang Zhou, Joey Zhou, Haogiang Zhu, Larry Zhuang. | thank sincerely

for their important assistance to the accomplishment to our fieldwork. We
thank National Bird Banding Centre of China for providing aluminum rings.
This research was in conjunction with the Second Tibetan Plateau Scientific
Expedition and Research program (2019QZKK0304-2) to FL and National
Natural Science Foundation of China (32070434) to G.S. The project was also
partially supported by the National Key Research and Development Program
of China (2022YFC2601601). We also thank the Qinghai Forestry Ministry for
their supportiveness on the administration works. We specially thank the Bung
Boraphet field station from Thailand, Nick Jirut, Katherine Leong, and Philip
Round for the re-capture of one Siberian Rubythroat, and for the instantane-
ous communication. Besides, we thank Bo Petersson and Gabriel Norevik for
aging the Siberian Rubythroats. We thank Kristaps Sokolovskis, Martins Bredis,
Baptiste Schmid, Yann Rime, Lisha Lyu, Fengyi Guo, and an anonymous Covid-
test traveling doctor at Schiphol Airport for analysis consultation. We also
thank Per Alstréom for comments during the study design phase, and we are
grateful for constant discussions with Hongkai Zhang, Tong Mu and Xiaotong
Ren. We thank the two anonymous reviewers for their insightful comments,
and the editors from the journal for the helpful correspondence during the
revision phase.

Author contributions

TZ, BH, BW,WH, SB, FL, YL, and MH conceptualized the research. SB, JB, and AA
provided the CAnMove loggers and technical assistance on processing the
data.TZ, GZ, and ZL conducted the fieldwork with the assistance from SG and
FL. WH provided assistance on the light-level geolocator analysis. MH provided
assistance on aging the birds. MvT provided assistance on spatial analysis.

RR provided assistance on running the GeoPressureR analysis. MvT and JR

Page 16 of 18

provided assistance on statistical analysis. BH, BW, WH, and MvT assisted TZ to
structure the manuscript; TZ then prepared the manuscript with all authors’
contribution.

Funding

The study was supported by private funding resources from Hongyu Zhao
and Sugin Hu to T.Z;; it was also funded by the Chinese Scholar Council to T.Z.
(202007720103).

Availability of data and materials

The archival GPS data can be accessed on Movebank as a repository: https://
doi.org/10.5441/001/1.333. The CAnMove logger data can be accessed on
github repository https://doi.org/10.5281/zenodo.10490629. The Light-level
geolocator data can be requested from the corresponding author (T.Z).

Declarations

Ethical approval

The capture of wild birds and logger deployments were permitted by the
Qinghai Forestry Ministry of China (Approval to Zoological project from
Qinghai Forestry [2021-12], [2022]-18) to T.Z.

Competing interests
The authors declare no competing interests.

Author details

'Groningen Institute for Evolutionary Life Sciences (GELIFES), University

of Groningen, 9747 AG Groningen, The Netherlands. 2Institute of Biology

and Environmental Sciences (IBU), Carl von Ossietzky University of Oldenburg,
Ammerlander HeerstraBe 114-118, 26129 Oldenburg, Germany. *Department
of Bird Migration, Swiss Ornithological Institute, 6204 Sempach, Switzerland.
“Department of Evolutionary Biology and Environmental Studies, University
of Zurich, Zurich, Switzerland. *Cornell Lab of Ornithology, Ithaca, NY, USA.
SCenter for Ecology and Evolution in Microbial Model Systems (EEMIS),
Linnaeus University, 391 82 Kalmar, Sweden. 7Qinghai University, Xining,
China. 8Department of Biology, Lund University, 223 62 Lund, Sweden.
°Department of Ecology and Genetics, Uppsala University, 752 36 Uppsala,
Sweden. '%ey Laboratory of Animal Biodiversity Conservation and Integrated
Pest Management, Institute of Zoology, Chinese Academy of Science, Beijing,
China. ""Ottenby Bird Observatory, BirdLife Sweden, 386 64 Ottenby, Sweden.
2GLOBE Institute, University of Copenhagen, 1356 Copenhagen, Denmark.
13School of Ecology, Sun Yat-sen University, Shenzhen, China.

Received: 9 January 2024 Accepted: 15 July 2024
Published online: 01 August 2024

References

1. Aikens EO, Kauffman MJ, Merkle JA, Dwinnell SPH, Fralick GL, Monteith
KL. The greenscape shapes surfing of resource waves in a large migratory
herbivore. Ecol Lett. 2017,20(6):741-50. https://doi.org/10.1111/ele.12772.

2. Akesson S, Hedenstrom A. How migrants get there: migratory perfor-
mance and orientation. Bioscience. 2007;57(2):123-33. https://doi.org/10.
1641/b570207.

3. Alerstam T, Lindstrom A. Optimal bird migration: the relative importance
of time, energy, and safety. In: Bird migration: physiology and ecophysiol-
ogy. Berlin, Heidelberg: Springer Berlin Heidelberg; 1990, p. 331-51.

4. Alerstam T. Ecological causes and consequences of bird orientation. Orien-
tat Birds. 1991;46:202-25. https://doi.org/10.1007/978-3-0348-7208-9_10.

5. Alerstam T. Detours in bird migration. J Theor Biol. 2001;209(3):319-31.
https://doi.org/10.1006/jtbi.2001.2266.

6. AlerstamT, Hedenstrom A, Akesson S. Long-distance migration: evolution
and determinants. Oikos. 2003;103(2):247-60. https://doi.org/10.1034/j.
1600-0706.2003.12559.x.

7. Backman J, Andersson A, Alerstam T, Pedersen L, Sjéberg S, Thorup K, Tot-
trup AP Activity and migratory flights of individual free-flying songbirds
throughout the annual cycle: method and first case study. J Avian Biol.
2017;48(2):309-19. https://doi.org/10.1111/jav.01068.


https://doi.org/10.5441/001/1.333
https://doi.org/10.5441/001/1.333
https://doi.org/10.5281/zenodo.10490629
https://doi.org/10.1111/ele.12772
https://doi.org/10.1641/b570207
https://doi.org/10.1641/b570207
https://doi.org/10.1007/978-3-0348-7208-9_10
https://doi.org/10.1006/jtbi.2001.2266
https://doi.org/10.1034/j.1600-0706.2003.12559.x
https://doi.org/10.1034/j.1600-0706.2003.12559.x
https://doi.org/10.1111/jav.01068

Zhao et al. Movement Ecology

20.

21.

22.

23.

24.

25.

26.

27.

(2024) 12:54

Barras AG, Liechti F, Arlettaz R. Seasonal and daily movement patterns of
an alpine passerine suggest high flexibility in relation to environmental
conditions. J Avian Biol. 2021; 52(12).

Bayly NJ, Rosenberg KV, Norris DR, Taylor PD, Hobson KA. Rapid recovery
by fat- and muscle-depleted Blackpoll Warblers following trans-oceanic
migration is driven by time-minimization. Ornithology. 2021;138:1-15.
https://doi.org/10.1093/ornithology/ukab055.

Bellrose FC. The distribution of nocturnal migrants in the air space. 1971;
88(2):397-424

. BirdLife International (2010) Spotlight on flyways. Presented as part of the

BirdLife State of the world's birds website. Available from: http://www.
birdlife.org/datazone

Bishop CM, Spivey RJ, Hawkes LA, Batbayar N, Chua B, Frappell PB, Milsom
WK, Natsagdorj T, Newman SH, Scott GR, Takekawa JY, Wikelski M, Butler
PJ. The roller coaster flight strategy of bar-headed geese conserves
energy during Himalayan migrations. Science. 2015;347(6219):250-4.
https://doi.org/10.1126/science.1258732.

Brlik V, Kole¢ek J, Burgess M, Hahn S, Humple D, Krist M, Prochazka P.
Weak effects of geolocators on small birds: a meta-analysis controlled for
phylogeny and publication bias. J Anim Ecol. 2020;89(1):207-20.

Bozo L, Csorgd T, Heim W. Factors controlling the migration phenology
of Siberian Phylloscopus species. J Ornithol. 2021;162(1):53-9. https://doi.
0rg/10.1007/510336-020-01805-5.

Bozd L, Heim W. Sex-specific migration of Phylloscopus warblers at a
stopover site in Far Eastern Russia. Ringing Migr. 2016;31(1):41-6. https://
doi.org/10.1080/03078698.2016.1195213.

Bruderer B, Peter D, Korner-Nievergelt F. Vertical distribution of

bird migration between the Baltic Sea and the Sahara. J Ornithol.
2018;159(2):315-36.

Cikovi¢ D, Barigi¢ S, Hahn S, Tuti§ V, Kralj J, Briedis M. Tracking migration
of black-headed buntings Emberiza melanocephala reveals the Iranian
Plateau as an ecological barrier along the Indo-European flyway. J Avian
Biol. 2021. https://doi.org/10.1111/jav.02783.

Collar, N. Siberian Rubythroat (Calliope calliope), version 1.0. In: del Hoyo
J, Elliott A, Sargatal J, Christie DA, de Juana E, editors. Birds of the World.
Ithaca, NY, USA: Cornell Lab of Ornithology; 2020. https://doi.org/10.
2173/bow.sibrub.01

Delmore KE, Toews DPL, Germain RR, Owens GL, Irwin DE. The genetics
of seasonal migration and plumage color. Curr Biol. 2016;26(16):2167-73.
https://doi.org/10.1016/j.cub.2016.06.015.

Evens R, Conway GJ, Henderson IG, Cresswell B, Jiguet F, Moussy C, Séné-
cal D, Witters N, Beenaerts N, Artois T. Migratory pathways, stopover zones
and wintering destinations of Western European Nightjars Caprimulgus
europaeus. Ibis. 2017;159(3):680-6. https://doi.org/10.1111/ibi.12469.
Galtbalt B, Batbayar N, Sukhbaatar T, Vorneweg B, Heine G, Muller U,
Wikelski M, Klaassen M. Differences in on-ground and aloft conditions
explain seasonally different migration paths in Demoiselle crane. Mov
Ecol. 2022;10(1):1-11. https://doi.org/10.1186/540462-022-00302-z.
Gong L, Geng Y, Wang Z, Lin A, Wu H, Feng L, Huang Z, Wu H, Feng J,
Jiang T. Behavioral innovation and genomic novelty are associated with
the exploitation of a challenging dietary opportunity by an avivorous bat.
IScience. 2022. https://doi.org/10.1016/j.isci.2022.104973.

Gong L, Shi B, Wu H, Feng J, Jiang T. Who's for dinner? Bird prey diversity
and choice in the great evening bat, la io. Ecol Evol. 2021;11(13):8400-9.
https://doi.org/10.1002/ece3.7667.

Guo F, Buler JJ, Smolinsky JA, Wilcove DS. Autumn stopover hotspots
and multiscale habitat associations of migratory landbirds in the eastern
United States. Proc Natl Acad Sci. 2023;120(3): €2203511120. https://doi.
org/10.1073/pnas.

Hahn S, Emmenegger T, Lisovski S, Amrhein V, Zehtindjiev P, Liechti F.
Variable detours in long-distance migration across ecological barriers and
their relation to habitat availability at ground. Ecol Evol. 2014;4(21):4150-
60. https://doi.org/10.1002/ece3.1279.

Hawkes LA, Balachandran S, Batbayar N, Butler PJ, Frappell PB, Milsom WK,
Tseveenmyadag N, Newman SH, Scott GR, Sathiyaselvam P, Takekawa JY,
Wikelski M, Bishop CM. The trans-Himalayan flights of bar-headed geese
(Anser indicus). Proc Natl Acad Sci USA. 2011;108(23):9516-9. https://doi.
0rg/10.1073/pnas.1017295108.

Heim W, Heim RJ, Beermann |, Burkovskiy OA, Gerasimov Y, Ktitorov P,
Ozaki K, Panov |, Sander MM, Sjoberg S, Smirenski SM, Thomas A, Tattrup
AP, Tiunov IM, Willemoes M, Holzel N, Thorup K, Kamp J. Using geolocator

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 17 of 18

tracking data and ringing archives to validate citizen-science based
seasonal predictions of bird distribution in a data-poor region. Glob Ecol
Conserv. 2020;24: e01215. https://doi.org/10.1016/j.gecco.2020.e01215.
Heim W, Pedersen L, Heim R, Kamp J, Smirenski SM, Thomas A, Tattrup
AP, Thorup K. Full annual cycle tracking of a small songbird, the Siberian
Rubythroat Calliope calliope, along the East Asian flyway. J Ornithol.
2018;159(4):893-9. https://doi.org/10.1007/510336-018-1562-z.

Helbig AJ. Inheritance of migratory direction in a bird species: a cross-
breeding experiment with SE-and SW-migrating blackcaps (Sylvia
atricapilla). Behav Ecol Sociobiol. 1991,28(1):9-12.

Hersbach H, Bell B, Berrisford P, Biavati G, Hordnyi A, Mufioz Sabater J,
Nicolas J, Peubey C, Radu R, Rozum |, Schepers D, Simmons A, Soci C, Dee
D, Thépaut J-N. ERA5 hourly data on pressure levels from 1940 to present.
Copernicus Climate Change Service (C3S) Climate Data Store (CDS), 2023.
https://doi.org/10.24381/cds.bd0915c6

Hijmans RJ, Williams E, Vennes C, Hijmans MRJ. Package ‘geosphere!
Spherical Trigonometry. 2017;1(7):1-45.

Hou H-Y. Vegetation of China with reference to its geographical distribu-
tion. Mo Bot Gard Press. 1983;70(3):509-49.

Irwin DE. Incipient ring speciation revealed by a migratory divide. Mol
Ecol. 2009;18(14):2923-5. https://doi.org/10.1111/j.1365-294X.2009.
04211.x.

Irwin DE, Bensch S, Price TD. Speciation in a ring. Nature.
2001;409(6818):333-7.

Irwin DE, Irwin JH. Siberian migratory divides: the role of seasonal migra-
tion in speciation. Birds of Two Worlds: The Ecology and Evolution of
Migration, 2005; 27-40.

Jehl Jr JR. Aspects of the molt migration. In: Bird migration: physiology
and ecophysiology. Berlin, Heidelberg: Springer Berlin Heidelberg; 1990,
p.102-13.

Katzner TE, Bragin EA, Bragin AE, McGrady M, Miller TA, Bildstein KL. Unu-
sual clockwise loop migration lengthens travel distances and increases
potential risks for a central Asian, long distance, trans-equatorial migrant,
the Red-footed Falcon Falco vespertinus. Bird Study. 2016;63(3):406-12.
https://doi.org/10.1080/00063657.2016.1214107.

Kiat Y, Izhaki |, Sapir N. The effects of long-distance migration on the
evolution of moult strategies in Western-Palearctic passerines. Biol Rev.
2019;94(2):700-20. https://doi.org/10.1111/brv.12474.

Klaassen RHG, Alerstam T, Carlsson P, Fox JW, Lindstrém A. Great flights by
great snipes: long and fast non-stop migration over benign habitats. Biol
Let. 2011,;7(6):833-5. https://doi.org/10.1098/rsbl.2011.0343.

Kokko H. Competition for early arrival in migratory birds. J Anim Ecol.
1999;68(5):940-50. https://doi.org/10.1046/}.1365-2656.1999.00343.x.
Korniluk M, Biatomyzy P, Grygoruk G, Tumiel T, Swietochowski P, Wereszc-
zuk M. Citrine Wagtail migration on the Indo-European flyway: a first
geolocator track reveals alternative migration route and endurance
flights to cross ecological barriers. Avian Res. 2021;12(1):12-7. https://doi.
org/10.1186/540657-021-00305-1.

Kumar N, Gupta U, Jhala YV, Qureshi Q, Gosler AG, Sergio F. GPS-telemetry
unveils the regular high-elevation crossing of the Himalayas by a migra-
tory raptor: implications for definition of a “Central Asian Flyway." Sci Rep.
2020;10(1):1-9. https://doi.org/10.1038/541598-020-72970-z.

Lagué SL. High-altitude champions: birds that live and migrate at altitude.
J Appl Physiol. 2017;123(4):942-50. https://doi.org/10.1152/japplphysiol.
00110.2017.

Liechti F, Bauer S, Dhanjal-Adams KL, Emmenegger T, Zehtindjiev P Hahn
S. Miniaturized multi-sensor loggers provide new insight into year-
round flight behaviour of small trans-Sahara avian migrants. Mov Ecol.
2018;6:1-10.

Lindstrém A, Alerstam T, Andersson A, Bickman J, Bahlenberg P, Bom R,
Ekblom R, Klaassen RHG, Korniluk M, Sjéberg S, Weber JKM. Extreme alti-
tude changes between night and day during marathon flights of great
snipes. Curr Biol. 2021;31(15):3433-9. https://doi.org/10.1016/j.cub.2021.
05.047.

Lisovski S, Bauer S, Briedis M, Davidson SC, Dhanjal-Adams KL, Hallworth
MT, Karagicheva J, Meier CM, Merkel B, Ouwehand J, Pedersen L, Rakhim-
berdiev E, Roberto-Charron A, Seavy NE, Sumner MD, Taylor CM, Woth-
erspoon SJ, Bridge ES. Light-level geolocator analyses: a user's guide. J
Anim Ecol. 2020;89(1):221-36. https://doi.org/10.1111/1365-2656.13036.


https://doi.org/10.1093/ornithology/ukab055
http://www.birdlife.org/datazone
http://www.birdlife.org/datazone
https://doi.org/10.1126/science.1258732
https://doi.org/10.1007/s10336-020-01805-5
https://doi.org/10.1007/s10336-020-01805-5
https://doi.org/10.1080/03078698.2016.1195213
https://doi.org/10.1080/03078698.2016.1195213
https://doi.org/10.1111/jav.02783
https://doi.org/10.2173/bow.sibrub.01
https://doi.org/10.2173/bow.sibrub.01
https://doi.org/10.1016/j.cub.2016.06.015
https://doi.org/10.1111/ibi.12469
https://doi.org/10.1186/s40462-022-00302-z
https://doi.org/10.1016/j.isci.2022.104973
https://doi.org/10.1002/ece3.7667
https://doi.org/10.1073/pnas
https://doi.org/10.1073/pnas
https://doi.org/10.1002/ece3.1279
https://doi.org/10.1073/pnas.1017295108
https://doi.org/10.1073/pnas.1017295108
https://doi.org/10.1016/j.gecco.2020.e01215
https://doi.org/10.1007/s10336-018-1562-z
https://doi.org/10.24381/cds.bd0915c6
https://doi.org/10.1111/j.1365-294X.2009.04211.x
https://doi.org/10.1111/j.1365-294X.2009.04211.x
https://doi.org/10.1080/00063657.2016.1214107
https://doi.org/10.1111/brv.12474
https://doi.org/10.1098/rsbl.2011.0343
https://doi.org/10.1046/j.1365-2656.1999.00343.x
https://doi.org/10.1186/s40657-021-00305-1
https://doi.org/10.1186/s40657-021-00305-1
https://doi.org/10.1038/s41598-020-72970-z
https://doi.org/10.1152/japplphysiol.00110.2017
https://doi.org/10.1152/japplphysiol.00110.2017
https://doi.org/10.1016/j.cub.2021.05.047
https://doi.org/10.1016/j.cub.2021.05.047
https://doi.org/10.1111/1365-2656.13036

Zhao et al. Movement Ecology

47.

48.

49.

50.

51

52.

53.

54.

55.
56.
57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

(2024) 12:54

Lisovski S, Hahn S. Geolight—processing and analysing light-based
geolocator data in R. Methods Ecol Evol. 2012;3(6):1055-9. https://doi.
org/10.1111/.2041-210X.2012.00248 x.

Lisovski S, Neumann R, Albrecht T, Munclinger P, Ahola MP, Bauer S,
Cepak J, Fransson T, Jakobsson S, Jaakkonen T, Kivana P, Kullberg C,
Laaksonen T, Metzger B, Piha M, Shurulinkov P, Stach R, Strom K, Velmala
W, Briedis M. The Indo-European flyway: opportunities and constraints
reflected by Common Rosefinches breeding across Europe. J Biogeogr.
2021:48(6):1255-66. https://doi.org/10.1111/jbi.14085.

Mancuso KA, Fylling MA, Bishop CA, Hodges KE, Lancaster MB, Stone KR.
Migration ecology of western gray catbirds. Mov Ecol. 2021;9(1):1-16.
https://doi.org/10.1186/540462-021-00249-7.

Mancuso KA, Hodges KE, Alexander JD, Grosselet M, Bezener AM, Morales
L, Martinez SC, Castellanos-Labarcena J, Russello MA, Rockwell SM, Bieber
ME, Bishop CA. Migration and non-breeding ecology of the Yellow-
breasted Chat Icteria virens. J Ornithol. 2022;163:37-50. https://doi.org/10.
1007/510336-021-01931-8.

McKinnon EA, Love OP. Ten years tracking the migrations of small
landbirds: lessons learned in the golden age of bio-logging. Auk.
2018;135(4):834-56. https://doi.org/10.1642/auk-17-202.1.

Meier CM, Rime Y, Lisovski S, Buchmann M, Liechti F. Locally adapted
migration strategies? Comparing routes and timing of northern
wheatears from alpine and lowland European populations. J Avian Biol.
2022;2022(8): €02932. https://doi.org/10.1111/jav.02932.

Meyburg BU, Paillat P, Meyburg C. Migration routes of Steppe Eagles
between Asia and Africa: a study by means of satellite telemetry. Condor.
2003;105(2):219-27. https://doi.org/10.1093/condor/105.2.219.

Mi G, Li X, Huettmann F, Goroshko O, Guo Y. Time and energy minimiza-
tion strategy codetermine the loop migration of demoiselle cranes
around the Himalayas. Integr Zool. 2022;17(5):715-30. https://doi.org/10.
1111/1749-4877.12632.

Moore FR, Aborn DA. Mechanisms of en route habitat selection: how

do migrants make habitat decisions during stopover? Stud Avian Biol.
2000;20:34-42.

Newton I. The migration ecology of birds. Elsevier; 2010.

Norevik G, Hellstrom M, Liu D, Petersson B. Ageing & sexing of migratory
East Asian passerines. Avium Forlag; 2020.

Nussbaumer R, Gravey M, Briedis M, Liechti F. Global positioning with
animal-borne pressure sensors. Methods Ecol Evol. 2023;14(4):1104-17.
https://doi.org/10.1111/2041-210X.14043.

Nussbaumer R, Gravey M, Briedis M, Liechti F, Sheldon D. Reconstructing
bird trajectories from pressure and wind data using a highly optimized
hidden Markov model. Methods Ecol Evol. 2023;14(4):1118-29. https://
doi.org/10.1111/2041-210X.14082.

Nussbaumer R, Gravey M, Liechti F. Global positioning by atmospheric
pressure retrieved from multi-sensor geolocators. 2022. Preprint available
at research square 10.21203/

Prins HHT, Namgail T. Bird migration across the Himalayas: wetland func-
tioning amidst mountains and glaciers. Cambridge University Press; 2017.
Rappole JH, Tipton AR. New harness design for attachment of radio
transmitters to small passerines. J Field Ornithol. 1991; 335-337.
Resano-Mayor J, Bettega C, Delgado MDM, Fernandez-Martin A,
Hernandez-Gémez S, Toranzo |, Espafia A, de Gabriel M, Roa-Alvarez |, Gil
JA, Strinella E, Hobson KA, Arlettaz R. Partial migration of White-winged
snowfinches is correlated with winter weather conditions. Glob Ecol
Conserv. 2020;24:e01346. https://doi.org/10.1016/j.gecco.2020.e01346.
Rime Y, Nussbaumer R, Briedis M, Sander MM, Chamberlain D, AmrheinV,
Helm B, Liechti F, Meier CM. Multi-sensor geolocators unveil global and
local movements in an Alpine-breeding long-distance migrant. Mov Ecol.
2023;11(1):19.

Rotics S, Kaatz M, Turjeman S, Zurell D, Wikelski M, Sapir N, Eggers U, Fie-
dler W, Jeltsch F, Nathan R. Early arrival at breeding grounds: causes, costs
and a trade-off with overwintering latitude. J Anim Ecol. 2018;87(6):1627-
38. https://doi.org/10.1111/1365-2656.12898.

Rippel G, Hippop O, Schmaljohann H, Brust V. The urge to breed early:
similar responses to environmental conditions in short- and long- dis-
tance migrants during spring migration. Ecol Evol. 2023;13(7): €10223.
https://doi.org/10.1002/ece3.10223.

Scordato ESC, Smith CCR, Semenov GA, Liu Y, Wilkins MR, Liang W, Rubt-
sov A, Sundev G, Koyama K, Turbek SP, Wunder MB, Stricker CA, Safran RJ.
Migratory divides coincide with reproductive barriers across replicated

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 18 of 18

avian hybrid zones above the Tibetan Plateau. Ecol Lett. 2020;23(2):231-
41. https://doi.org/10.1111/ele.13420.

Sjéberg S, Malmiga G, Nord A, Andersson A, Backman J, Tarka M, Wil-
lemoes M, Thorup K, Hansson B, Alerstam T, Hasselquist D. Extreme
altitudes during diurnal flights in a nocturnal songbird migrant. Science.
2021;372(6542):646-8. https://doi.org/10.1126/science.abe7291.
Sjoberg S, Pedersen L, Malmiga G, Alerstam T, Hansson B, Hasselquist

D, Thorup K, Tattrup AP, Andersson A, Backman J. Barometer logging
reveals new dimensions of individual songbird migration. J Avian Biol.
2018;49(9):1-9. https://doi.org/10.1111/jav.01821.

Smith RJ, Moore FR. Arrival timing and seasonal reproductive perfor-
mance in a long-distance migratory landbird. Behav Ecol Sociobiol.
2005;57(3):231-9. https://doi.org/10.1007/500265-004-0855-9.
Sokolovskis K, Bianco G, Willemoes M, Solovyeva D, Bensch S, Akesson S.
Ten grams and 13,000 km on the wing-route choice in willow warblers
Phylloscopus trochilus yakutensis migrating from Far East Russia to East
Africa. Mov Ecol. 2018;6:1-10.

Sokolovskis K, Lundberg M, Akesson S, Willemoes M, Zhao T, Caballero-
LopezV, Bensch S. Migration direction in a songbird explained by

two loci. Nat Commun. 2023;14(1):165. https://doi.org/10.1038/
s41467-023-35788-7.

Spiridonova LN, Valchuk OP, Red’kin YA, Saitoh T, Kryukov AP. Phylogeog-
raphy and demographic history of Siberian rubythroat Luscinia calliope.
Russ J Genet. 2017;53(8):885-902. https://doi.org/10.1134/5102279541
7080105.

Stresemann E. Aves Beickianae: Beitrdge zur Ornithologie von Nordwest-
Kansu nach den Forschungen von Walter Beick (1) in den Jahren
1926-1933. J Ornithol. 1937,85(3):375-576.

Stutchbury BJM, Tarof SA, Done T, Gow E, Kramer PM, Tautin J, Fox JW,
Afanasyev V. Tracking long-distance songbird migration by using geolo-
cators. Science. 2009;323(5916):896-896. https://doi.org/10.1126/science.
1166664.

Turbek SP, Schield DR, Scordato ESC, Contina A, Da XW, LiuY, Liu Y,
Pagani-Nunez E, Ren QM, Smith CCR, Stricker CA, Wunder M, Zonana
DM, Safran RJ. A migratory divide spanning two continents is associated
with genomic and ecological divergence. Evolution. 2022;76(4):722-36.
https://doi.org/10.1111/evo.14448.

Veen T, Svedin N, Forsman JT, Hjernquist MB, Qvarnstrom A, Hjernquist
KAT, Tréff J, Klaassen M. Does migration of hybrids contribute to post-
zygotic isolation in flycatchers? Proc R Soc B Biol Sci. 2007;274(1610):707—
12. https://doi.org/10.1098/rspb.2006.0058.

Willemoes M, Strandberg R, Klaassen RHG, Tettrup AP, Vardanis Y, Howey
PW, Thorup K, Wikelski M, Alerstam T. Narrow-front loop migration in a
population of the common cuckoo Cuculus canorus, as revealed by satel-
lite telemetry. PLoS ONE. 2014;9(1): e83515.

Willimont LA, Senner SE, Goodrich LJ. Fall migration of Ruby-throated
Hummingbirds in the northeastern United States. Wilson Bull. 1988;
482-488.

Wobker J, Heim W, Schmaljohann H. Sex, age, molt strategy, and migra-
tion distance explain the phenology of songbirds at a stopover along the
East Asian flyway. Behav Ecol Sociobiol. 2021. https://doi.org/10.1007/
500265-020-02957-3.

Yong DL, Liu'Y, Low BW, Espanola CP, Choi CY, Kawakami K. Migratory
songbirds in the East Asian-Australasian Flyway: a review from a conser-
vation perspective. Bird Conserv Int. 2015;25(1):1-37. https://doi.org/10.
1017/50959270914000276.

ZhaoT, llieva M, Larson K, Lundberg M, Neto JM, Sokolovskis K, Akesson
S, Bensch S. Autumn migration direction of juvenile willow warblers
(Phylloscopus t. trochilus and P. t. acredula) and their hybrids assessed by
gPCR SNP genotyping. Mov Ecol. 2020;8:1-10. https://doi.org/10.1186/
s40462-020-00209-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1111/j.2041-210X.2012.00248.x
https://doi.org/10.1111/j.2041-210X.2012.00248.x
https://doi.org/10.1111/jbi.14085
https://doi.org/10.1186/s40462-021-00249-7
https://doi.org/10.1007/s10336-021-01931-8
https://doi.org/10.1007/s10336-021-01931-8
https://doi.org/10.1642/auk-17-202.1
https://doi.org/10.1111/jav.02932
https://doi.org/10.1093/condor/105.2.219
https://doi.org/10.1111/1749-4877.12632
https://doi.org/10.1111/1749-4877.12632
https://doi.org/10.1111/2041-210X.14043
https://doi.org/10.1111/2041-210X.14082
https://doi.org/10.1111/2041-210X.14082
https://doi.org/10.1016/j.gecco.2020.e01346
https://doi.org/10.1111/1365-2656.12898
https://doi.org/10.1002/ece3.10223
https://doi.org/10.1111/ele.13420
https://doi.org/10.1126/science.abe7291
https://doi.org/10.1111/jav.01821
https://doi.org/10.1007/s00265-004-0855-9
https://doi.org/10.1038/s41467-023-35788-7
https://doi.org/10.1038/s41467-023-35788-7
https://doi.org/10.1134/S1022795417080105
https://doi.org/10.1134/S1022795417080105
https://doi.org/10.1126/science.1166664
https://doi.org/10.1126/science.1166664
https://doi.org/10.1111/evo.14448
https://doi.org/10.1098/rspb.2006.0058
https://doi.org/10.1007/s00265-020-02957-3
https://doi.org/10.1007/s00265-020-02957-3
https://doi.org/10.1017/S0959270914000276
https://doi.org/10.1017/S0959270914000276
https://doi.org/10.1186/s40462-020-00209-7
https://doi.org/10.1186/s40462-020-00209-7

	Seasonal migration patterns of Siberian Rubythroat (Calliope calliope) facing the Qinghai–Tibet Plateau
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Fieldwork
	Tracking devices
	Inferring spatial patterns of migration
	Light-level geolocator data
	Archival GPS data
	Atmospheric pressure and activity data
	Inference of altitudinal movement and migration flight altitude (a.s.l.)
	Seasonal correlation between flight altitude and stopover elevation
	Inference of migration phenology
	Stopover and flight duration


	Results
	Evaluation of the tag effect
	Migration routes and wintering locations
	Elevational movement pattern
	Migration flight altitude
	Seasonal correlation between flight altitude and stopover elevation
	Phenology
	Number and duration of stopovers
	Duration of migration flight

	Discussion
	Autumn migration detours from geographical barriers
	Spring shortcuts along regions with higher elevations
	Faster spring migration is in accordance with the shorter route choice
	High migration flight altitude
	The barrier-avoidance migration pattern in a flyway scale
	The benefits and limits from the new technology

	Acknowledgements
	References


